Background: Non-small cell lung cancer (NSCLC) is the most common type of lung cancer with a poor prognosis. We previously found that protein disulfide isomerase family 6 (PDIA6) is upregulated in lung squamous cell carcinoma (LSCC). This study aimed to elucidate the clinical relevance, biological functions, and molecular mechanisms of PDIA6 in NSCLC. Methods: The expression of PDIA6 in NSCLC was assessed using the TCGA database, western blotting, and immunohistochemistry. Correlations of PDIA6 expression with clinicopathological and survival features were evaluated. The functions of PDIA6 in regulating NSCLC cell growth, apoptosis, and autophagy were investigated using gain-and loss-of-function strategies in vitro or in vivo. The underlying molecular mechanisms of PDIA6 function were examined by human phospho-kinase array and co-immunoprecipitation. Findings: PDIA6 expression was upregulated in NSCLC compared with adjacent normal tissues, and the higher PDIA6 expression was correlated with poor prognosis. PDIA6 knockdown decreased NSCLC cell proliferation and increased cisplatin-induced intrinsic apoptosis, while PDIA6 overexpression had the opposite effects. In addition, PDIA6 regulated cisplatin-induced autophagy, and this contributed to PDIA6-mediated apoptosis in NSCLC cells. Mechanistically, PDIA6 reduced the phosphorylation levels of JNK and c-Jun. Moreover, PDIA6 interacted with MAP4K1 and inhibited its phosphorylation, ultimately inhibiting the JNK/c-Jun signaling pathway. Interpretation: PDIA6 is overexpressed in NSCLC and inhibits cisplatin-induced NSCLC cell apoptosis and autophagy via the MAP4K1/JNK/c-Jun signaling pathway, suggesting that PDIA6 may serve as a biomarker and therapeutic target for NSCLC patients. Fund: National Natural Science Foundation of China and Institutions of higher learning of innovation team from Liaoning province.
Introduction
Lung cancer is one of the most common forms of cancer, affecting both men and women worldwide [1] . Histologically, it can be divided into non-small cell lung cancer (NSCLC) and small cell lung cancer (SCLC) . Approximately 85% of lung cancer cases are diagnosed as NSCLC, and these can be further subdivided into two main subtypes: adenocarcinoma and squamous cell carcinoma [2] . Despite numerous advancements in early detection and treatment strategies over the past few decades, the five-year survival rate remains b20% [1] . Thus, additional studies on the pathogenesis and molecular mechanisms of NSCLC will be vital to identify novel biomarkers for early detection and prediction of treatment responses and prognosis, as well as to uncover novel therapeutic targets.
Apoptosis or programmed cell death is often induced by chemotherapy agents and plays a critical role in clinical treatment of human cancers, which is regulated by many apoptosis-related genes and signaling pathways [3, 4] . In addition, autophagy, a cell mechanism by which cellular components are subjected to orderly degradation and recycling, has recently been suggested as a therapeutic target in cancer treatment and may be either cytoprotective [5] [6] [7] or cytotoxic during chemotherapy [8] [9] [10] . Interestingly, apoptosis and autophagy are closely linked and may both positively and negatively regulate each other [11] . For example, autophagy may regulate apoptosis via Atg5 and Atg12 which are important in autophagy pathway and reportedly play a key role in initiating apoptosis in response to diverse stress signals [12, 13] . Other recent studies have revealed that apoptotic proteins, such as caspase-8 and caspase-9, are involved in the regulation of autophagy by targeting autophagy proteins [14, 15] .
In our previous study, we identified differentially expressed proteins between LSCC and adjacent normal tissues using twodimensional gel electrophoresis (2D-DIGE) followed by mass spectrometry (MS) analysis [16] . Among these proteins, we focused on protein disulfide isomerase family 6 (PDIA6) for further analysis. PDIA6 is a member of the protein disulfide isomerase (PDI) family, which is mainly localized to the endoplasmic reticulum (ER) and functions as an oxidoreductase to catalyze disulfide bond formation and as a chaperone to assist in protein folding and inhibit aggregation of unfolded substrates [17, 18] . Recent studies have reported that PDIA6 is upregulated in human cancers, such as liver cancer [19] and bladder cancer [20] , and that knockdown of PDIA6 expression reduces bladder cancer cell proliferation and invasion [20] . Furthermore, PDIA6 mediates tumor cell resistance to cisplatin-induced apoptosis in lung adenocarcinoma [21] . However, the roles and molecular mechanisms of PDIA6 in NSCLC development and progression have yet to be elucidated.
In this study, we first evaluated PDIA6 expression in NSCLC samples and adjacent normal tissues, and examined the association of PDIA6 expression with clinicopathological and survival data from NSCLC patients. Next, we assessed the effects of PDIA6 knockdown and overexpression on NSCLC cell growth, apoptosis, and autophagy, as well as the underlying molecular events. We hypothesized that PDIA6 functions as an oncogene in NSCLC and may be valuable as a future therapeutic target or biomarker for NSCLC patients.
Material and methods

Clinical specimens
We obtained the tissue specimens from patients who received surgical resection of primary NSCLC in The First Affiliated Hospital of Dalian Medical University (Dalian, China). The use of the clinical specimens was approved by the Ethics Committee of Dalian Medical University, and all patients provided written informed consent. Furthermore, we also obtained primary human NSCLC tissue microarrays from Outdo Biotech (Shanghai, China), defined as cohort 1 (169 NSCLC and 164 corresponding adjacent normal samples) and cohort 2 (94 paired NSCLC and corresponding adjacent normal samples). Overall survival information and clinicopathological features of patients in cohort 1 were used for clinicopathological analysis.
Cell culture
Human lung cancer A549, NCI-H1299, NCI-H157, NCI-H460, NCI-H520, NCI-H446, and NCI-H358 cell lines, as well as two normal lung cell lines (HFL1 and HBE) and HEK293T were obtained from the American Type Culture Collection (ATCC) (Manassas, VA, USA). Lung adenocarcinoma Anip973 cell line was kindly provided by the Tumor Research Institute of Harbin Medical University. Lung adenocarcinoma SPC-A-1 cell line was purchased from the Chinese Academy of Sciences Committee Typical Culture Collection Cell Bank (Shanghai, China). These lung cell lines were grown in RPMI-1640 media (Gibco), while HEK293T cells were maintained in Dulbecco's Modified Eagle Medium (DMEM; Gibco), in a humidified incubator with 5% CO 2 at 37°C. All media were added with 10% fetal bovine serum (FBS; Gibco), 100 μg/ ml of streptomycin and 100 U/ml of penicillin (Beyotime, Shanghai, China).
Western blotting
Total cellular protein from cell lines or lung cancer tissues was extracted using the radio-immunoprecipitation assay (RIPA) buffer (Beyotime, Shanghai, China) with protease inhibitors for 30 min at 4°C
, and then centrifuged at 12,000 rpm for 20 min at 4°C to collect the supernatants. The concentrations of these protein samples were measured using the bicinchoninic acid (BCA) protein assay kit (Beyotime, Shanghai, China). Protein samples (30 μg for each lane) were separated in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel and then transferred onto nitrocellulose membranes (Millipore, Billerica, MA, USA). After blocking with 5% non-fat milk, membranes were incubated with indicated primary antibodies at 4°C overnight. On the next day, the membranes were incubated at room temperature for 1 h with corresponding anti-mouse or anti-rabbit IgG secondary antibody-conjugated with horseradish peroxidase (HRP). The protein bands were visualized using western bright ECL kit (Advansta, Menlo Park, CA, USA) followed by ChemiDoc™ XRS+ system (Bio-Rad, USA). Antibodies used are listed in Table S1 .
Immunohistochemistry (IHC)
The human NSCLC tissue microarrays and xenograft tumor tissue sections were deparaffinized in xylene and rehydrated through an ethanol series, followed by microwave in citrate buffer (pH 6.0) to repair antigens and treatment with 3% hydrogen peroxide to inhibit endogenous peroxide activities. These tissue microarrays and sections were then blocked with 5% normal goat serum for 20 min at room temperature, and treated with antibody against PDIA6 (1:100; 18233-1-AP; RRID: AB_10805765), Ki-67 (1:800; 27309-1-AP; RRID: AB_2756525), MAP4K1 (1:100; bs-4134R; RRID: AB_11120767), or phospho-MAP4K1 (1:100; bs-5494R; RRID: AB_11093913) at 4°C overnight. After washing, tissue microarrays and sections were incubated with
Research in context
Evidence before this study Previous reports have implicated PDIA6 in tumorigenesis. Our previous proteomic study also showed that PDIA6 is highly expressed in LSCC. However, the functions and molecular mechanisms of PDIA6 regarding apoptosis and autophagy have not been thoroughly assessed, especially in NSCLC.
The value of this study
This study aimed to elucidate the clinical relevance, biological functions, and molecular mechanisms of PDIA6 in NSCLC. We found that PDIA6 expression was elevated in NSCLC, and associated with a poor prognosis of NSCLC patients. Moreover, PDIA6 suppressed cisplatin-induced NSCLC cell apoptosis and autophagy through interacting with MAP4K1 to inhibit the JNK/c-Jun signaling pathway.
Implications of all the available evidence
These results indicate that PDIA6 has an oncogenic role and may be a potential biomarker and therapeutic target in NSCLC. the pv-9000 kit (ZSGB-Bio, Beijing, China), visualized with 3,3-diaminobenzidine solution (ZSGB-Bio) treatment and counterstained with hematoxylin. The percentage (%) of positively stained cells was classified as 1 (0%-25%), 2 (26%-50%), 3 (51%-75%), or 4 (76%-100%), while the staining intensity was classified as 0 (negative), 1 (weak), 2 (moderate), or 3 (strong). We then multiplied these two scores to reach a staining index. The staining index b6 was defined as low PDIA6 expression, while the staining index ≥6 as high PDIA6 expression.
Stable cell line construction and transient knockdown
To establish stable cell lines with PDIA6 knockdown or overexpression, vectors containing short-hairpin RNA (shRNA) sequences against PDIA6 (pLKO.1-PDIA6-shRNA1 and pLKO.1-PDIA6-shRNA2) were generated by cloning the shRNAs into pLKO.1 vector, while human pGMLV-PA6-PDIA6 and control vectors were obtained from Genomeditech (Shanghai, China). HEK293T cells were then cotransfected by PDIA6 shRNA vectors or pGMLV-PA6-PDIA6 vector together with packaging plasmids (psPAX2 and pMD2G), respectively. The viral supernatants were collected at 48-72 h after transfection. PDIA6 shRNA lentivirus were used to infect NCI-H520 and Anip973 cells, while PDIA6 overexpression lentivirus infected A549 cells. After 24 h, cells were fed with 5 μg/ml puromycin-containing media to establish stable cell lines. The shRNA sequences are listed in Table S2 .
To transiently knock down the expression of Atg5, JNK or MAP4K1, siRNA sequences targeting Atg5 [22] , JNK, or MAP4K1, and negative control scramble sequence were designed and purchased from GenePharma (Shanghai, China). NCI-H520 and Anip973 cells were transiently transfected with these siRNA duplexes using Lipofectamine 2000 (Invitrogen) according to the kit instructions. The siRNA sequences are listed in Table S3 .
Animal models
Male BALB/c nude mice (6 weeks old) were purchased from Beijing Vital River Laboratory Animal Technology (Beijing, China). 2 × 10 6 NCI-H520 control cells and PDIA6 knockdown cells were inoculated subcutaneously into the left and right armpits of mice (n = 7), respectively. The mice were then kept for 30 days. The tumor volume was monitored every 5 days with calipers, and was calculated with the following formula: volume = 0.5 × length × width 2 . After the experiment was over, the mice were sacrificed and xenograft tumors were resected, measured and photographed. Lastly, xenograft tumors were fixed and embedded in paraffin, followed by IHC with anti-PDIA6, Ki-67, MAP4K1, and phospho-MAP4K1 antibodies. The animal study was approved by the Animal Care and Use Committee of Dalian Medical University. The animal experiments were strictly performed in accordance with the animal care guidelines of Dalian medical university.
Annexin V/propidium iodide (PI) double staining
After different treatments, both floating and trypsin-detached cells grown on 6-well plates were collected and washed with cold 1 × PBS. The cell pellets were then resuspended with binding buffer, and stained with Annexin V and PI (KeyGen Biotech Co., Ltd., Nanjing, China) according to the kit protocols. The number of apoptotic cells was analyzed by using FACS Calibur flow cytometer (BD Biosciences, Franklin Lakes, NJ, US).
Transmission electron microscopy (TEM)
NCI-H520/Anip973 control cells or PDIA6 knockdown cells were plated into 6-well plates to grow overnight, and then incubated with 16 μM cisplatin for additional 24 h. After trypsin digestion and collection by centrifugation, cells were fixed in ice-cold 2.5% glutaraldehyde at 4°C overnight and further fixed in 1% osmium tetroxide (OsO4) at 4°C for 2 h. Then, cells were dehydrated in series of ethanol solutions from 50 to 100%, and subsequently embedded in Epon812 epoxyresin. Ultrathin sections (60-70 nm) were cut from the blocks by using a microtome, and stained with uranyl acetate and lead citrate. Finally, sections were reviewed under a TEM (JEM-2000EX, JEOL, Japan).
Acridine orange/ethidium bromide (AO/EB) double staining
Cell morphology of apoptosis was also visualized using the AO/EB dual staining (KeyGen Biotech Co., Ltd., Nanjing, China). NCI-H520/ Anip973 control cells or PDIA6 knockdown cells were plated onto coverslips in 6-well plates to grow overnight. After pretreatment with or without 20 μM Z-VAD-FMK for 2 h, cells were incubated with 16 μM cisplatin for another 24 h. Then, cells were washed with 1 × PBS for three times, and infiltrated with the mixture of AO and EB solutions, followed by observation with a fluorescence microscope (Olympus, Tokyo, Japan).
Confocol microscope
GFP-tagged LC3 vector was purchased from Addgene. mRFP-GFPtagged LC3 vector was kindly provided by Tomatsu Yoshimori (Osaka university, Osaka, Japan) [23] . NCI-H520/Anip973 control cells and PDIA6 knockdown cells were transiently transfected with GFP-LC3 vector or mRFP-GFP-LC3 vector using Lipofectamine 3000 (Invitrogen) according to the kit instructions. After 24 h of transfection, cells were incubated with 16 μM cisplatin for another 24 h. The images were then randomly acquired using confocal microscope (Leica, Wetzlar, Germany). In GFP-LC3 assay, the average number of LC3 puncta of per cell was calculated. For mRFP-GFP-LC3 system, the average number of yellow dots (autophagosomes) or red-only dots (autolysosomes) in the merged images of per cell was quantified. 
Human phospho-kinase array
The human phospho-kinase microarrays were obtained from R&D Systems (#ARY003; Minneapolis, MN, USA), and the assay were conducted according to manufacturer's protocols. Briefly, cellular protein samples from NCI-H520 control cells and PDIA6 knockdown cells (600 μg protein of each) were incubated with the microarrays at 4°C overnight. After mixture with biotin-labeled antibodies for 2 h, microarrays were incubated with HRP-streptavidin for 30 min at room temperature, and then detected using western bright ECL kit (Advansta, Menlo Park, CA, USA). Density was scanned with HLImage software to quantify the data.
Luciferase reporter assay
AP-1 luciferase reporter (pAP-1-Luc), containing multiple AP-1 binding sites, was purchased from Genomeditech (Shanghai, China) to assess the activity of MAPK/JNK signaling pathway. A549 cells were co-transfected with pGMLV-PA6-PDIA6 (800 ng) or control vector (800 ng) together with pAP-1-Luc (200 ng) or pGM-Luc control reporter (200 ng), as well as pRL-TK Renilla reporter (8 ng) using Lipofectamine 3000 (Invitrogen) according to the kit instructions. After 48 h of transfection, total cellular protein was lysed, and the luciferase activities (Firefly and Renilla) were detected using the Dual-Luciferase Assay System (Promega, Madison, WI, USA).
Co-immunoprecipitation (Co-IP)
The co-immunoprecipitation assay was conducted using a coimmunoprecipitation kit (#26149; Pierce; Rockford, IL, USA) according to the kit's protocols. In brief, 500 μg of NCI-H520 cell lysates for each sample was pre-cleared using a control agarose resin and then incubated with the column containing 5 μg antibody against PDIA6 (#18233-1-AP; RRID: AB_10805765) or IgG (#2729; RRID: AB_1031062) at 4°C overnight. After washing to remove non-specific binding, the co-immunoprecipitated proteins were then eluted and analyzed by western blotting with the antibody for PDIA6 (#sc-374494; RRID: AB_10989559) or MAP4K1 (#bs-4134R; RRID: AB_11120767). The input was used as positive control, while IgG was used as negative control.
Mass spectrometry (MS)
The co-immunoprecipitated proteins were collected from the resin and separated through SDS-PAGE gels. After that, the gels were subjected to silver staining with a kit from Beyotime (#P0017S; Shanghai, China) according to the kit's instructions. The differential bands specific to PDIA6 were in-gel digested with trypsin followed by the MS analysis using LTQ XL (Thermo Fisher Scientific, Waltham, MA, USA). The IgG was used as negative control.
Statistical analysis
The data were statistically analyzed by using either SPSS 21.0 or GraphPad Prism 5.0 software. All quantitative results were presented as mean ± SD. Statistical differences were analyzed with two-tailed Student's t-test or one-way ANOVA. The association between PDIA6 expression and various clinicopathological features was evaluated using the χ2 test. The association of PDIA6 expression with overall survival was plotted by using the Kaplan-Meier curves, and the log-rank test was used to compare the significant differences. The univariate and multivariate analyses were performed by using the Cox proportional hazard model. P value b0.05 was recognized to be statistically significant.
Results
PDIA6 is elevated in NSCLC tissues and cell lines
In our previous study, we identified proteins which were differentially expressed between LSCC and adjacent normal tissues using 2D-DIGE and MS analyses. PDIA6 was one of the upregulated proteins identified in LSCC tissues and was chosen for further analysis [16] . As shown in Fig. S1a , the mass signal for PDIA6 was a single peak. In addition, the mascot score was 62 (Fig. S1b ) and the amino acid residues shown in red aligned with PDIA6 (Fig. S1c) , collectively indicating that the MS results were reliable.
In the current study, we assessed PDIA6 expression levels in lung cancer by analyzing The Cancer Genome Atlas (TCGA) dataset and found that PDIA6 mRNA levels were significantly upregulated in lung cancer tissues (p = 4.609e-52 using the Wilcoxon test; Fig. 1a ). Further analysis showed that PDIA6 protein levels were also higher in NSCLC tissues (n = 18) than in paired adjacent normal tissues and in nine NSCLC cell lines than in two normal lung cell lines, as measured by western blotting (Fig. 1b and c) . In agreement with these results, immunohistochemistry (IHC) staining of two cohorts of NSCLC tissue microarrays showed strongly positive PDIA6 staining in both lung adenocarcinoma (LAD) and LSCC, but weakly positive or negative PDIA6 staining in adjacent normal tissues (Fig. 1d and Fig. S1d) . Scoring of the IHC staining further confirmed that PDIA6 was highly expressed in both LAD and LSCC samples compared with adjacent lung tissues (Fig. 1d and  Fig. S1d) . Importantly, the PDIA6 IHC score was also elevated in stage I tumors versus normal tissues, and showed a gradual increase as the tumor stage progressed (Fig. 1e) .
PDIA6 expression correlates with poor NSCLC prognosis
To elucidate the clinical relevance of PDIA6, we tested the potential association between PDIA6 expression and clinicopathological features in 169 NSCLC patients from cohort 1. As shown in Table 1 , PDIA6 expression significantly correlated with TNM stage (p = 0.005), histological type (p = 0.034), and lymph node metastasis (p = 0.019), but not with gender, age, tumor size, or pathological grade. We then assessed the relationship between PDIA6 expression level and prognosis in NSCLC patients by Kaplan-Meier analysis. NSCLC patients with high PDIA6 expression levels had significantly reduced overall survival time than those with low PDIA6 expression levels (p = 0.0043, log-rank test, Fig. 1f) . Interestingly, the association between high PDIA6 expression level and poor prognosis was only observed in LAD (p = 0.0002, log-rank test, Fig. S1e) , and was not observed in LSCC (p = 0.1853, log-rank test, Fig. S1f ). Consistent results were obtained when correlating PDIA6 mRNA expression with survival of LAD and LSCC patients using the Kaplan-Meier plotter database (www.kmplot.com) [24] , and showed that higher expression of PDIA6 mRNA predicted poor overall survival in patients with LAD (p = 0.028, log-rank test, Fig. S1g) . To evaluate the utility of PDIA6 as a biomarker of early NSCLC, Kaplan- Meier analysis was performed on the NSCLC patients with stage I in cohort 1. This analysis revealed that high PDIA6 expression markedly correlated with shorter overall survival of stage I patients (p = 0.0386, logrank test, Fig. 1g) .
Next, we assessed the prognostic value of PDIA6 by univariate and multivariate Cox regression analyses in 169 NSCLC patients from cohort 1. Univariate Cox regression analysis revealed that PDIA6 expression, as well as TNM stage, pathological grade, lymph node metastasis, and histological type, were all significant predictors of overall survival in NSCLC patients (p = 0.005, 0.000, 0.044, 0.000, 0.000, respectively, Fig. 1h ; Table S4 ). Importantly, PDIA6 expression was also an independent predictor of overall survival in NSCLC patients as shown by multivariate analysis [hazard ratio (HR) = 2.197, 95% confidence interval (CI) = 1.214-3.975, p = 0.009, Fig. 1i ; Table S4 ].
PDIA6 promotes NSCLC cell proliferation
In order to investigate the role of PDIA6 in NSCLC cell malignant phenotypes, we used a lentiviruses-mediated strategy to establish cell lines stably expressing or knocking-down PDIA6. We confirmed that small hairpin RNAs (shRNAs) targeting PDIA6 noticeably reduced PDIA6 expression in NCI-H520 and Anip973 cells compared with the negative control shRNA (Fig. S2a) , whereas A549 cells infected with a PDIA6 expressing lentivirus showed upregulated PDIA6 expression (Fig. S2b) . After that, we assessed the effect of PDIA6 on NSCLC cell viability using the CCK-8 assay. The results showed that cell viability was decreased in NSCLC cells following PDIA6 knockdown, but increased in A549 cells overexpressing PDIA6, when compared to the corresponding control groups (Fig. 2a and b) . Similar results were obtained in a colony formation assay ( Fig. 2c and d) . These findings indicate that PDIA6 functions as an oncogene to promote NSCLC cell proliferation.
PDIA6 knockdown inhibits NSCLC cell tumorigenesis in vivo
To further validate the oncogenic activity of PDIA6 in vivo, nude mice were subcutaneously injected with NCI-H520 control cells and NCI-H520 cells with PDIA6 knockdown. As shown in Fig. 2e , PDIA6 knockdown significantly suppressed xenograft tumor growth as determined by growth kinetics. Xenograft tumors formed by cells with PDIA6 knockdown were much smaller than those of control tumors ( Fig. 2f  and g ). The mean tumor weight was also decreased in the PDIA6 knockdown group (Fig. 2h) . Furthermore, HE staining of the control xenografts showed that tumor cells were scattered in clusters or nests with enlarged and a typical nuclei containing prominent nucleoli, whereas PDIA6 knockdown xenograft cells lacked these obvious tumor cell phenotypes (Fig. 2i) . Low PDIA6 expression in the PDIA6 knockdown group was confirmed by IHC (Fig. 2j) . In addition, the expression of Ki-67, a proliferation marker, was downregulated in PDIA6 knockdown tumors as compared with the control (Fig. 2j) . Taken together, our in vitro and in vivo experiments suggest that PDIA6 is critical for the growth of NSCLC cells.
PDIA6 inhibits cisplatin-induced apoptosis in NSCLC cells
We then evaluated whether PDIA6 is involved in modulating the apoptotic response in NSCLC cells. We measured apoptosis using annexin V/PI double staining, and our results showed that PDIA6 knockdown increased the apoptotic rate of NCI-H520 and Anip973 cells compared to control shRNA (Fig. S3a) . Conversely, PDIA6 overexpression showed a trend towards decreased apoptosis in A549 cells, although this did not reach statistical significance (Fig. S3b) . To further study the role of PDIA6 in this process, we treated these stable cell lines with cisplatin which is commonly used as a chemotherapeutic in treating numerous cancers, including NSCLC, and induces tumor cell apoptosis [25, 26] . Knockdown of PDIA6 significantly increased cisplain-induced apoptosis of NCI-H520 and Anip973 cells, while PDIA6 overexpression in A549 cells after cisplatin treatment decreased apoptosis (Fig. 3a and b) . Consistently, DAPI staining also showed an increased apoptotic rate in PDIA6 knockdown NSCLC cells, and a decreased rate in PDIA6 overexpressing A549 cells, when compared with the corresponding control cells (Fig. S3c and d) . Moreover, transmission electronic microscopic (TEM) data indicated that, upon cisplatin treatment, PDIA6 knockdown led to obvious ultrastructural changes in NCI-H520 and Anip973 cells, including disappearance of microvillus, chromatin condensation and nuclear fragmentation (Fig. 3c) . Collectively, these data indicate that PDIA6 plays a role in suppressing cisplatin-induced apoptosis of NSCLC cells.
PDIA6 inhibits caspase-dependent apoptosis via intrinsic apoptosis pathway
In order to determine which apoptotic signaling pathway is primarily involved in the role of PDIA6 in cisplatin-induced apoptosis, we assessed the expression levels of apoptosis-related proteins by western blotting following cisplatin treatment. We found that knockdown of PDIA6 noticeably decreased Bcl-2 expression and induced the activation of caspase-9 and caspase-3 (Fig. 3d) , two members of intrinsic apoptosis pathway [27] . In contrast, overexpression of PDIA6 in A549 cells had the opposite effect, leading to increased Bcl-2 expression and inhibited caspase activation (Fig. 3e) . However, expression of caspase-8 and caspase-12, members of the extrinsic and ER stress-induced apoptotic pathways, respectively [28, 29] , did not noticeably change upon PDIA6 knockdown or overexpression (Fig. S3e and f) , indicating that PDIA6 inhibits cisplatin-induced apoptosis through inhibition of the intrinsic apoptosis pathway rather than the extrinsic or ER stress-induced pathway.
To validate these findings, we treated PDIA6 knockdown NSCLC cells with Z-VAD-FMK, a pan-caspase inhibitor targeting caspase-3, and found that Z-VAD-FMK treatment noticeably suppressed PDIA6 knockdown-induced apoptosis as examined by ethidium bromide and acridine orange staining (Fig. 3f) . Moreover, treatment with Z-VAD-FMK markedly decreased levels of cleaved caspase-3 in PDIA6 knockdown NSCLC cells (Fig. 3g) , further implying that PDIA6 inhibits caspase-dependent apoptosis via the intrinsic apoptosis pathway.
PDIA6 inhibits cisplatin-induced autophagy in NSCLC cells
Our TEM data revealed that autophagy levels were also increased in PDIA6 knockdown NSCLC cells compared to control cells after cisplatin treatment (Fig. 4a) . To confirm this phenomenon, more experiments were conducted to examine autophagy following cisplatin treatment. Firstly, NSCLC cells were stained with monodansylcadaverine (MDC), a bright vacuolar signal used to label autophagosomes. The results showed that PDIA6 knockdown NSCLC cells had increased staining intensity, but this intensity was decreased in PDIA6 overexpressing A549 cells, when compared to control cells (Fig. S4a and b) . Autophagosomes were also assessed by GFP-LC3 dot formation after transfection of a GFP-LC3 plasmid. Consistently, the number of GFP-LC3 dots in PDIA6 knockdown NSCLC cells was higher than that of control cells (Fig. 4b) , collectively indicating that PDIA6 inhibits the formation of cisplatin-induced autophagosomes in NSCLC cells.
To better understand the effect of PDIA6 on the autophagic process, we utilized the mRFP-GFP-LC3 double fluorescence system. This revealed that the numbers of both yellow dots (autophagosomes) and red-only dots (autolysosomes) increased in PDIA6 knockdown NSCLC cells, relative to control cells (Fig. 5e and Fig. S5d) . Detection of autophagy-related protein expression using western blotting yielded similar results. PDIA6 knockdown resulted in upregulated levels of LC3II, Beclin1, and Atg5, but reduced levels of SQSTM1/p62 in NCI-H520 and Anip973 cells (Fig. 4c) , whereas PDIA6 overexpression had the opposite effects on these proteins in A549 cells (Fig. 4d) . Thus, these data support that PDIA6 exhibits an inhibitory effect on cisplatin-induced autophagy in NSCLC cells.
PDIA6-mediated autophagy contributes to apoptosis in NSCLC cells
To investigate whether PDIA6-mediated autophagy is related to cell death in NSCLC cells, we treated PDIA6 knockdown cells with an autophagy inhibitor, 3-MA. Similar to the pan-caspase inhibitor Z-VAD-FMK, 3-MA treatment alleviated PDIA6 knockdown-mediated inhibition of cell viability in NCI-H520 and Anip973 cells (Fig. S4c) , suggesting that PDIA6 knockdown activates cytotoxic autophagy in NSCLC cells and autophagy is at least partially responsible for PDIA6 knockdown-mediated growth inhibition. In addition, annexin V/PI double staining showed that 3-MA-mediated autophagy inhibition also led to a decrease in PDIA6 knockdown-induced apoptosis in NCI-H520 and Anip973 cells (Fig. 4e) . Consistently, the high levels of apoptosis-related proteins, including cleaved PARP and cleaved caspase-3, in PDIA6 knockdown NSCLC cells were downregulated following 3-MA treatment as measured by western blotting (Fig. 4f and  Fig. S4d ). In addition, downregulation of cleaved caspase-3 in PDIA6 knockdown NSCLC cells was also observed following siRNAmediated Atg5 depletion ( Fig. 4g and Fig. S4e) . Our results indicate that inhibition of autophagy attenuates PDIA6 knockdown-induced apoptosis in NSCLC cells.
PDIA6 inhibits cisplatin-induced apoptosis and autophagy through JNK/c-Jun signaling pathway
Next, we conducted a human phospho-kinase array to identify potential signaling pathways involved in PDIA6-mediated inhibition of cisplatin-induced apoptosis and autophagy. We found that the levels of JNK phosphorylation at threonine 183 and tyrosine 185, and c-Jun phosphorylation at serine 63, but not AKT or mTOR phosphorylation, were upregulated in PDIA6 knockdown NCI-H520 cells compared with control cells (Fig. 5a) . The results were validated by western blotting, which showed that PDIA6 knockdown increased JNK and cJun phosphorylation but not total protein levels in NCI-H520 and Anip973 cells (Fig. 5b) , whereas PDIA6 overexpression reduced JNK and c-Jun phosphorylation (Fig. S5a) . Similar changes in c-Jun phosphorylation upon PDIA6 knockdown were also observed by immunofluorescence staining (Fig. S5b) . To further assess the effect of PDIA6 on JNK/c-Jun signaling pathway, PDIA6 cDNA plasmid was cotransfected with an AP-1 luciferase reporter (pAP-1-Luc), and results showed that luciferase activity was decreased upon PDIA6 overexpression (Fig. 5c) . These data indicate that PDIA6 functions in the regulation of JNK/c-Jun signaling activity.
To determine whether PDIA6 knockdown-induced apoptosis and autophagy were dependent on JNK signaling pathway activation, we treated cells with the JNK-specific inhibitor SP600125 and found that SP600125 treatment significantly prevented PDIA6 knockdownmediated apoptosis as measured by annexin V/PI double staining ( Fig. 5d and Fig. S5c) . Similarly, we found that SP600125 treatment significantly inhibited PDIA6 knockdown-induced autophagy, as determined using the mRFP-GFP-LC3 double fluorescence system ( Fig. 5e and Fig. S5d ). Western blotting data further showed that SP600125-mediated inhibition of JNK noticeably attenuated the levels of c-Jun phosphorylation, cleaved caspase-3, and LC3II in PDIA6 knockdown NSCLC cells ( Fig. 5f and Fig. S5e ). Similar changes were observed in these proteins when using siRNA to silence JNK ( Fig. 5g and Fig. S5f ). Collectively, these data illustrate that JNK/c-Jun signaling pathway is critical for PDIA6-mediated apoptosis and autophagy in NSCLC cells.
PDIA6 interacts with MAP4K1 to inhibit JNK/c-Jun signaling pathway
To further explore the underlying molecular mechanisms of PDIA6 in NSCLC cells, we identified PDIA6-associated proteins by coimmunoprecipitation (Co-IP). As shown in Fig. 6a , we observed differential bands specific to PDIA6 in the silver stained SDS-PAGE gel as compared to IgG control. The presence of PDIA6 in the co-precipitated complexes was confirmed by western blotting of a parallel sample (Fig. 6a) . Next, the differential protein bands were digested with trypsin and subjected to MS analysis. Among the candidate proteins, mitogenactivated protein kinase 1 (MAP4K1) was chosen for further analysis because it is an activator of JNK signaling pathway [30] and stably interacted with PDIA6 as validated by western blotting in both NCI-H520 and Anip973 cells (Fig. 6b) . Furthermore, immunofluorescence staining of PDIA6 (red) and MAP4K1 (green) showed that the two proteins were co-localized in the cell cytoplasm upon cisplatin treatment (Fig. 6c) .
Next, we investigated whether PDIA6 could affect MAP4K1 expression and found that, upon cisplatin treatment, MAP4K1 total mRNA or protein levels were not noticeably changed when PDIA6 was knocked down or overexpressed (Fig. 6d and e and Fig. S6a ). However, PDIA6 knockdown increased the levels of phosphorylated MAP4K1 in NCI- H520 and Anip973 cells after cisplatin treatment (Fig. 6d) . Consistent results were also observed in xenograft tumors, in which phospho-MAP4K1, but not total MAP4K1, was upregulated in the PDIA6 knockdown group compared to controls (Fig. 6f) . In addition, the levels of phospho-TAK1 and phospho-MKK7, which are downstream of MAP4K1, were much higher in PDIA6 knockdown NSCLC cells upon cisplatin treatment, whereas total TAK1 and MKK7 protein levels were unchanged (Fig. 6d) . In agreement with these findings, PDIA6 overexpression had the opposite effect on MAP4K1, TAK1, and MKK7 phosphorylation (Fig. 6e) . To confirm whether MAP4K1 is required for PDIA6 knockdown-induced JNK/c-Jun activation, we transfected PDIA6 knockdown NSCLC cells with MAP4K1 siRNA. Western blotting showed that depletion of MAP4K1 reduced JNK and c-Jun phosphorylation levels in PDIA6 knockdown cells upon cisplatin treatment (Fig. 6g) . Collectively, these results indicate that MAP4K1 is involved in PDIA6-mediated inhibition of JNK/c-Jun signaling pathway.
Discussion
The PDI protein family consists of at least 21 members with a multidomain structure [31] . For example, PDIA1 and PDIA3 have four distinct domains, including two catalytically active a and a' domains, as well as two catalytically inactive b and b' domains, while PDIA6 lacks the b' domain [32] . At present, mounting evidences support that PDI family members are highly expressed in several cancers with poor clinical outcome and increased metastasis, invasion and chemoresistance [33] . Soma Samanta et al., reported that PDI, PDIA6, PDIR, ERp57, ERp72, and AGR3 are overexpressed in ovarian cancer, and associated with poor survival in ovarian cancer with the exception of PDIA6 [34] . PDIA3 and PDIA6 expression is suggested to be aggressiveness marker in primary ductal breast cancer [35] . PDIA3 also functions in inhibiting paclitaxel-induced apoptosis in ovarian cancer [36] . Additionally, recent studies found that ERp57 protects against apoptosis in autophagy-deficient cells [37] . Our previous study showed that PDIA6 is upregulated in LSCC tissues [16] . However, the molecular mechanisms by which PDIA6 regulates tumor cell apoptosis and autophagy has not been thoroughly assessed, especially in lung cancer.
Apoptosis, a representative form of programmed cell death, can be induced by chemotherapeutic drugs via several pathways, such as the intrinsic and extrinsic pathways [38] or ER stress [39] . Caspases, a family of cysteine-dependent and aspartate directed proteases, play a vital role in apoptotic signaling pathways [40] . For example, caspases-8 and caspases-9 are responsible for activation of the extrinsic and intrinsic apoptosis pathways, respectively [27, 28] , while caspase-12 which resides in the ER, is activated by ER stress and involved in ER-induced apoptosis [29] . In the present study, we found that PDIA6 suppressed cisplatin-induced NSCLC cell apoptosis by inhibiting caspase-9 and caspase-3 activation. This is in contrast to a previous study which showed that knockdown of PDIA6 expression sensitizes cisplatinresistant NSCLC cells to cisplatin-induced cell death through modulating a non-canonical cell death pathway [21] . Although apoptosis is a very common form of programmed cell death, recent studies have highlighted the role of additional forms of cell death, such as autophagy-induced cell death [41] . In this process, autophagy could act in concert with apoptotic signaling and induce cell death [42] . Our study revealed that PDIA6 inhibited cisplatin-induced autophagy in NSCLC cells, which contributed to PDIA6-mediated NSCLC cell growth and apoptosis. Thus, autophagy may function as upstream of apoptosis in our study.
To elucidate the molecular mechanisms underlying PDIA6 regulated-apoptosis and autophagy induced by cisplatin, we used a human phospho-kinase array and observed that knockdown of PDIA6 in NSCLC cells induced JNK and c-Jun phosphorylation. Previous reports have shown that JNK (c-Jun NH 2-terminal kinase), a type of serine/threonine kinase belonging to the mitogen-activated protein kinase (MAPK) family [43] , has vital function in apoptosis [44, 45] and autophagy, especially in autophagic cell death [46] [47] [48] . Current literature suggests that apoptosis and autophagy can be triggered by common upstream signals [11, 49] . Indeed, various stimuli can activate JNK, leading to induction of both apoptosis and autophagy in human cancers [50] [51] [52] . Molecularly, activation of JNK induces Bcl-2 phosphorylation, which activates Beclin1-induced autophagy and caspase-3-mediated apoptosis [53, 54] . Furthermore, downstream targets of JNK, such as the transcription factor c-Jun, can upregulate the expression levels of both autophagic and apoptotic genes [55, 56] . Our data demonstrated that inhibition of JNK markedly suppressed both cisplatin-induced apoptosis and autophagy in PDIA6 knockdown NSCLC cells, indicating that the JNK/c-Jun signaling pathway is responsible at least in part for PDIA6 knockdown-induced apoptosis and autophagy.
MAP4K1, also referred to as human hematopoietic progenitor kinase 1 (HPK1), is a member of the Ste20-related kinases family and is activated after tyrosine kinase induced phosphorylation [57] . Activated MAP4K1 will activate MAP3Ks, such as MEKK1, MLK3, and TAK1, which will then activate MKK4 or MKK7, ultimately leading to activation of the SAPK/JNK signaling pathway [30, 58, 59] . Here, we found that PDIA6 interacted with MAP4K1 and suppressed its phosphorylation after cisplatin treatment. Furthermore, MAP4K1 depletion resulted in decreased JNK and c-Jun activation in PDIA6 knockdown NSCLC cells after cisplatin treatment. Although PDIA6 wasn't found to directly interact with JNK, PDIA6 may mediate repression of JNK activation and c-Jun-dependent transcription in NSCLC cells via interaction with MAP4K1. To the best of our knowledge, our current data is the first to show that PDIA6 interacts with MAP4K1 to repress JNK activity after cisplatin treatment. Future studies will investigate how PDIA6 interaction with MAP4K1 changes MAP4K1 phosphorylation in NSCLC. In addition, studies have found that some PDI family proteins are involved in cisplatin resistance, including PDIA6 [21, 60] . Therefore, interference with the PDIA6-MAP4K1 binding may contribute to reverse of cisplatin resistance, which is worth further study in the future.
In summary, our current study demonstrates that PDIA6 is upregulated in NSCLC, and correlates with poor prognosis for NSCLC patients. Moreover, PDIA6 functions as an oncogene that inhibits cisplatininduced NSCLC cell apoptosis and autophagy via interacting with MAP4K1 to suppress the JNK/c-Jun signaling pathway. Fig. 6h illustrates a model of PDIA6-regulated NSCLC cell apoptosis and autophagy. Thus, PDIA6 may serve as a potential biomarker for NSCLC diagnosis and prediction of prognosis, and targeting PDIA6 may be a promising therapeutic strategy for NSCLC patients. 
